Anaerobic bacterial activity was detected in wetwoods of living Populus eieltoides Bartr. and Ulmus americana L. by analysis of chemical, structural and microbiological parameters. Wetwood contained significant quantities (21 -0 mM) of bacterial fermentation products including acetate, butyrate, propionate, ethanol, isobutyrate, isopropanol and methane. Oxygen was not detected in wetwood and the ammonia concentration was low (<5 p~) . Scanning electron microscopy showed that vessel-to-ray pit membranes of wetwood xylem tissue were almost completely destroyed and were associated with dense bacterial populations. Bacterial nitrogenase activity was detected in wetwood samples. Anaerobic bacterial populations in wetwood were as large or larger than populations capable of aerobic growth, and contained (in total cell numbers g-l) heterotrophic ( lo6 to lo'), nitrogen-fixing ( lo5 to lo6) and methanogenic ( lo3 to lo4) species. Anaerobic bacteria were lo4 times more numerous in wetwood than in sapwood. Thirteen strains of anaerobic heterotrophic bacteria were isolated and characterized from wetwood and included Clostridium, Bacteroides, Erwinia, Edwardsiella, Klebsiella and Lactobacillus species. Only two strains, a pectindegrading Clostridium species and a nitrogen-fixing Erwinia species, were prevalent in wetwoods of all the trees examined. The metabolic features of the strains examined correlated to the described chemical, structural and microbiological properties of wetwood.
I N T R O D U C T I O N
Wetwood is an atypical condition of the heartwood of many living trees including both hardwoods and conifers (Hartley et al., 1961) . The condition is common in cottonwood trees and is characterized by a heartwood that is devoid of living parenchyma cells but contains water-soaked xylem tissue. Wetwood is easily recognized in the inner xylem tissues of trees by a darker and/or wetter appearance. The high moisture content of wetwood is often associated with a 'fetid liquid' that emanates from increment core holes bored in cottonwood, elm and willow trees, and has a characteristic volatile fatty acid odour which is similar to that of rumen fluid (Zeikus & Ward, 1974) . The exact cause of wetwood in trees is not known although it has been suggested that bacteria are responsible (Hartley et al., 1961; Hillis, 1977) . Wetwood is a problem for the forest products industry because it often takes longer to dry and may crack and check, yielding a lumber with diminished value (Ward, 1972; Ward & Shedd, 1979) .
Numerous qualitative bacteriological studies on wetwood have been reported (Hartley et al., 1961; Hillis, 1977) ; most notably, aerobic bacteria have been isolated from wetwood. Erwinia species were obtained from wetwood of elms (Carter, 1945) and aspen (Knutson, 1973) . Xanthomonas, Agrobacterium, Acineto bacter, Corynebacterium and Erwinia were isolated from wetwoods of black poplars (Tiedemann et al., 1977) . Spore-forming bacteria of the genus Clostridium have also been isolated from wetwoods (Shigo et al., 1971; Ward, 1972; Ward & Shedd, 1979) . Methanogenic bacteria and high pressures of methane were detected in eastern cottonwoods containing alkaline to neutral wetwood (Zeikus & Ward, 1974; Zeikus & Henning, 1975) .
The purpose of the present paper is to quantify the aerobic and anaerobic microbial populations associated with wetwood, and to relate the metabolic properties of prevalent wetwood bacteria to chemical and structural features of wetwood.
M E T H O D S
Location of sampling sites. Nine eastern cottonwood trees (Populus deltoides Bartr.) and one American elm (Ulmus americana L.) in southwest and central Wisconsin were examined in a 4 year study. Three trees were examined in detail: cottonwood 2, located in the University of Wisconsin Arboretum, Madison, on a low-lying sandy loam near a small creek; and cottonwood 4 and elm 79, located at the Wisconsin River shore, 25 miles west of Madison on a sandy loam. All trees were 20 to 30 m high, 60 to 100 cm in diameter, 30 to 50 years old, and appeared healthy.
Sample collection and preparation. Field and laboratory techniques adapted for obligate anaerobes (Zeikus & Ward, 1974) were used for all procedures. Wood samples were obtained from the trees at 80 to 150 cm height after removal of the bark and sterilization of the wood surface by ethanol and flaming. A sterilized increment borer (6 x 300 mm) was employed. Sapwood (i.e. the outermost living tissue) and wetwood samples (2 to 6 cm) were removed from the core by sterile forceps and immediately placed in separate pre-weighed, sterilized anaerobic (containing N,) test tubes. The outer 1 to 2 cm of each core was discarded. Fetid liquid samples were obtained by glass syringe and injected into sterile anaerobic test tubes.
Wood samples were homogenized in an anaerobic glove box (Coy Manufacturing, Ann Arbor, Michigan, U.S.A.). Each wood sample was transferred to a sterilized stainless-steel blender (Omni-Mixer, no. 17 105; DuPont Instruments, Newton, Connecticut, U.S.A.) containing 20 ml LPBB medium (see below) and then homogenized for 10 to 20min intermittently to prevent overheating. The homogenate was used for most probable number (MPN) analysis. Sampling of trees, homogenization and inoculation of MPN tubes were performed within 3 to 6 h.
Media and culture methods. The low-phosphate buffered basal medium (LPBB medium) described by Zeikus et aE. (1979) was used for MPN analysis and growth media. Heterotrophic medium (TYEG medium) consisted of LPBB medium supplemented with 1 % (w/v) tryptone, 0.3% (w/v) yeast extract and 0.5% (w/v) glucose.
Alternatively, total heterotrophs were enumerated in THAM medium, consisting of LPBB medium plus 0.2 96 peptone, 0.2% yeast extract, 0.1 % xylose, 0-1 % L-arabinose, 0.1 % pectin, 0.1 % glucose, 0.1 % mannose and 0.1 % sucrose (all %, w/v). Methanogens were enumerated in LPBB medium or enriched medium (MRM; Zeikus & Henning, 1975) containing additional acetate, formate, yeast extract and trypticase. The gas phase for non-methanogenic anaerobes contained N,/CO, (95 : 5, v/v); H,/CO, (80 : 20) was used for methanogens. Cellulose degradation was tested in the complex medium (GS medium) described by Ng et al. (1977) . Sulphate-reducing bacteria were enriched in medium 77 (Postgate, 1963) . Nitrogen-fixing bacteria were enumerated and assayed in LPBB medium that lacked ammonium chloride but contained 0.5 % glucose.
All anaerobic cultivations were performed in 23 ml anaerobic culture tubes (18 x 142 mm, Bellco Glass Co.) that were sealed with rubber stoppers (No. I , Scientific Products) and contained 10 ml medium. Before inoculation sodium sulphide was added to a final concentration of 0.05% (wfv). Solid media contained 2% (w/v) agar. Enumerations of aerobic heterotrophic bacteria were done with TYEG medium without resazurin or sulphide in test tubes capped with plastic tops. All culture incubations were at 30 OC without shaking.
Enumeration and isolation. Bacteria were enumerated in fetid liquid or wood homogenates by the three-tube MPN technique. Most probable numbers were calculated using standard tables (American Public Health Association, 1965 ) after 2 to 3 weeks incubation. Positive tubes had an AS6,, 2 0.2 (Spectronic 20 spectrophotometer, Bausch and Lomb) or produced more than 1 % methane in the culture headspace. MPN analysis in all the trees examined was performed over a 4 year period. The results reported are for enumerations performed and repeated at least twice with identical results during the summer of 1979.
The last positive dilution tube of each enumeration series for heterotrophic anaerobes and nitrogen fixers was used for isolation of pure cultures. Dilutions from end tubes were made in roll tubes containing TYEG agar medium. Colonies were picked from roll tubes and purified by streaking, in an anaerobic glove box, on to Petri plates containing the same medium. Single colonies were picked and transferred to anaerobic culture tubes containing either TYEG medium or LPBB medium with 0.1 % yeast extract and 0.5 % glucose.
Metabolic characterization. Substrate utilization tests were done on Petri plates with LPBB agar medium containing 0.1 % yeast extract and 0.5 % (w/v) of the substrate. Controls were run on plates without substrate. All growth studies were done in anaerobic Brewer jars for 1 week. Aerobic growth was examined on TYEG agar medium under air. Starch degradation was assayed by flooding cultures with alkaline potassium iodide/iodine solution and noting clear zones. Cellulose utilization was assessed by growth in liquid medium or clearing of cellulose on agar medium. Differentiation of bacterial species was done with routine biochemical assay kits (API systems 20E and 20A; Analytab Products, Plainview, N.Y., U.S.A.).
Nitrogenase activity was assayed by the acetylene reduction test (Stewart et af., 1967) . Culture headspaces were gassed with N,/CO, (95 :5, v/v) to remove inhibitory hydrogen prior to the addition of acetylene (0.4 ml). Acetylene reduction in wetwood was performed in culture tubes containing wood cores, N,/CO, (95 : 5, v/v) and acetylene (0.4 ml). Tubes were incubated at 30 "C and the appearance of ethylene was monitored by gas chromatography.
Microscopic analysis. A Carl Zeiss phase-contrast photomicroscope was used for all light microscopic observations. A Petroff-Hauser counting chamber was used for direct enumeration of bacteria in fetid liquid. Spore formation was examined after growth on media that contained glucose or xylose as an energy source.
Wood samples were prepared for scanning electron microscopy by previously described procedures ( immediately after isolation. After several hours the glutaraldehyde-fixed wood was removed and dehydrated in a series of increasing concentrations of ethanol (70 to 100%). The final ethanol was removed by critical-point drying with CO,. The dried wood was split tangentially and radially into small specimens (4 to 9 mm diam.) which were gold-coated and viewed on a Cambridge 'Stereoscan' Mark 2A. Chemical analysis. Fatty acids and alcohols were analysed by flame ionization detection in a Packard 4 19 gas chromatograph as previously described by Zeikus et al. (1979) . All gases (including OJ and acetylene reduction were quantified by the gas chromatographic procedures of Nelson & Zeikus (1974) . Lactate was determined spectrophotometrically with a mixture of D-and L-lactate dehydrogenase according to Bergmeyer (1 965). Ammonia was assayed in fetid liquid by the phenol hypochlorite method (Strickland & Parsons, 1972) .
Chemicals. All chemicals used were reagent grade and were obtained from Sigma or Mallinckrodt (Paris, Ken., U.S.A.). Pectin was a gift from Sunkist Growers (Corona, Calif., U.S.A.). Agar, yeast extract, tryptone and peptone were purchased from Difco. All gases were obtained from Matheson (Joliet, Ill., U.S.A.).
R E S U L T S
Microscopic and c hem ica 1 a n a ly s is
The ultrastructural features of xylem tissue of sapwood and wetwood taken from cottonwood 2 during mid-June 1975 are compared in Fig. 1 . Most notably, the vessel-to-ray pit membranes of the sapwood xylem tissue were intact and devoid of bacteria, whereas the wetwood pit membranes were nearly completely destroyed and in close juxtaposition with a variety of bacteria. Rods of differing lengths were the most common morphological type of bacteria observed by scanning electron microscopy and by phase-contrast microscopy of fetid liquid. Sporulating cells and free spores were not seen in wood or fetid liquid obtained from trees in mid-summer but were observed in the late fall when the leaves had fallen and the sap had ceased to flow.
The results of analyses of several representative chemical indicators of anaerobic bacterial activity in trees that contained wetwood are shown in Table 1 . Oxygen was not detected, probably as a consequence of facultatively aerobic bacterial metabolism. High concentrations of methane were present and are indicative of extreme anaerobiosis. A variety of typical bacterial fermentation products, including acetate, propionate, isopropanol, butyrate, isobutyrate and ethanol were also detected in fetid liquids from both cottonwoods and elms. The wetwoods of these tree species were neutral to alkaline and contained very low concentrations of ammonia.
Nitrogen fixation in wetwood
The results of acetylene reduction assays with freshly collected wetwood cores from cottonwoods 2 and 4 and elm 79 are shown in Fig. 2 . The cores from cottonwood 2 and elm 79 showed acetylene-reducing activity after a noticeable lag period. The addition of sterile growth medium devoid of carbon and fixed nitrogen sources did not enhance acetylene reduction. However, the addition of glucose to this medium greatly stimulated the rate of ethylene production, probably due to the selective growth of nitrogen-fixing bacteria (see below). The acetylene-reducing activity in wetwood cores was totally repressed in controls by the addition of ammonium chloride or formalin or by autoclaving. Table 2 compares the total numbers of aerobic and anaerobic heterotrophs, methanogens and anaerobic nitrogen-fixing bacteria in wetwood samples from elm 79 and cottonwoods 2 and 4. The number of bacteria in sapwood usually did not exceed the minimum number for detection in the enumeration series used. Heterotrophic bacteria predominated in wetwood with nearly equal numbers of anaerobes and aerobes. The total number of heterotrophs was the same whether TYEG medium or THAM medium was used. The numbers of nitrogen-fixing anaerobes were 1 to 2 orders of magnitude lower than those of heterotrophs. Methanogenic bacteria were detected in wetwood and fetid liquid but not in sapwood: their numbers were 2 to 4 orders of magnitude lower than those of total heterotrophs. (The bacterial numbers reported here for wetwood may underestimate the total bacterial population because of cells binding to wood or the media used for MPN analysis.)
Enumeration and morphology of bacterial populations
Fetid liquid contained the same metabolic types of aerobic and anaerobic bacteria as detected in wetwood, but numbers were 1 to 2 orders of magnitude lower. Direct microscopic enumeration of fetid liquid revealed the same number as determined by MPN analysis for heterotrophs. Soil taken near the roots of cottonwood 2 contained more aerobic heterotrophs than wetwood and fewer anaerobic heterotrophs, nitrogen fixers and methanogens, suggesting major population differences between these environments. Results obtained for six other cottonwood trees studied in the period 1975-1979 were qualitatively the same as those shown in Table 2 . Sulphate-reducing bacterial enrichment cultures were also obtained from wetwoods of cottonwood and elm. The nearly equal number of aerobic and anaerobic heterotrophs raised the question whether the numbers reflect an infestation by mainly facultative bacteria or by obligately aerobic and anaerobic bacteria in similar numbers. Therefore, the last positive dilution tubes were examined microscopically to help qualitatively differentiate the bacteria. Both aerobic and anaerobic heterotrophic end dilution tubes contained Gram-positive and Gram-negative rods of various dimensions. Cocci were not observed. Spores were only detected in anaerobic end tubes. These results and analysis of the prevalent bacteria isolated from heterotrophic, anaerobic end tubes (see below) suggest that aerobic end dilution tubes contain largely facultative bacteria. The prevalent bacteria were not isolated from aerobic enumeration tubes.
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Generic and metabolic characterization of prevalent anaerobic heterotrophs
From the last positive dilution tube in each anaerobic enumeration series of wetwoods from cottonwoods 2 and 4 and elm 79, a total of 43 heterotrophic bacteria were isolated; they were grouped into 1 1 different strains by morphological, physiological and biochemical properties. The generic identity of these strains is shown in Table 3 . All the strains fermented glucose to ethanol, acetate and other minor end-products. Four strains -Clostridium, Bacteroides, Erwinia and Edwardsiella species -showed nitrogenase activity. Table 4 compares the saccharides metabolized as energy sources by the 1 1 prevalent anaerobic heterotrophic bacterial strains in wetwood. Glucose, galactose, mannose, arabinose and xylose were utilized by most strains; starch, galacturonate and cellobiose were fermented by several strains; and pectin was utilized by one strain. None of the strains degraded glucuronate or cellulose.
The distribution of the prevalent strains of anaerobic heterotrophic bacteria in wetwood is shown in Table 5 . Clostridium strain 4P1 (a pectin degrader) and Erwinia strain 2N1 (a nitrogen fixer) were the only bacteria prevalent in the wetwoods of all the trees examined. It should be noted, however, that only the prevalent species were present in end dilution tubes and the diversity of facultative and obligate anaerobes in wetwood is far greater than that +, Strain isolated from the end dilution tubes for anaerobic heterotrophs.
represented here. In addition to the rod-shaped genera described here, many other morphological types are present in wetwood enrichment cultures for anaerobic heterotrophs. Indeed, some isolates appear to represent new genera and species (B. Schink & J. G. Zeikus, unpublished results).
D I S C U S S I O N
The high populations of facultative and obligate anaerobes reported here demonstrate the dynamic relationship between bacteria and wetwood in living trees. The first question to be answered is how do the metabolic features of prevalent wetwood bacteria relate to the chemical and structural properties of wetwood? Most of the described chemical features that distinguish wetwood-from heartwood in poplars and elms (e.g. the depletion of oxygen; the presence of long-chain fatty acids, alcohols and methane; and neutral to alkaline pH) are all to be expected from the metabolic characteristics of the prevalent wetwood bacteria. Oxygen consumption by facultative anaerobes, in combination with anaerobic fermentation of pectin and soluble hemicellulosic wood sugars to yield mainly methane with smaller amounts of alcohols and acids, can explain the existence of anaerobic bacterial populations and the chemical features of wetwood, Anaerobic bacterial metabolism of acids by methane formation and sulphate reduction, and increased uptake of mineralized water via bacterial destruction of pit membranes, can account for an alkaline, carbonate-~uffered wetwood. The low ammonia concentrations detected do not support suggestions that bacterial d e~~n a~i o n accounts for the high pH of alkaline wetwoods (see Hillis, 1977) . In this regard, one should note that ~e t h a n o~e~i~ bacteria are not found in acidic wetwoods (J. C.. Ward & J. C.
Zeikus, ~n~u~l i s h e d results). Scanning electron microscopy of wetwood indicated that bacteria were associated with degraded vessel-to-ray pit membranes. This structural feature correlates with the metabolic activity of ~l~~i r i~i~~~ strain 4P 1, a prevalent pectin-degrading strain that was isolated from ail wetwoods examined here. It is not yet known how wetwood is formed and why wetwood is wet. However, the importance of pectin degradation and ~~~~t in wetwood f o r m a t~o~ will be described ~u b s~~u~n t l y .
Another aspect of the metabolism sf anaerobic bacteria in wetwood may be their ability to fix nitrogen. Our results demonstrate that some wetwoad bacteria show nitrogenase activity in ritro, but proof of nitrogen fixation by wetwood bacteria in living trees requires more definitive studies with whole-tree experiments. The extremely low nitrogen content of wood (Cowling & Merrill, I: 966) creates a C/N balance problem for wood-de~rad~ng organisms.
Wetwood as a microbial niche seems to be suited for nitrogen fixation because ammonia is present at well below the levels that repress nitrogenase (Drozd et ul., 1972) and toxic oxygen is also not a problem. However, it cannot be excluded that the biaiogical demands for combined nitrogen in these living trees are provided from soil water, especially in the light of the absence of detectable microbial metabolism of lignin and cellulose. It is interesting to note that Erwinia strain 2N 1 was the only prevalent n~t r~g e n -f i x~n~ bacterium isolated from all wetwaods examined. ~r~~i n~~ species have long been s u~~~s t e d as indicators of wetwood (Carter, 1 945 ; Hillis, 1977) and n~~r o g e n -~x~n~~ facultatively anaerobic, Gram-negative rods have been isolated from decaying woods (Seidler et ul., 1972 : Aho ef ul., 1974 .
The presence of high populations of the obligately anaerobic bacterial strains prevalent in wetwood (e.g C~o~~r~~i~~ strain 4P I) raises questions about not only their metabolic expression in iiving trees but also how they get inside. The high numbers in wetwood ot ~~& t~~~i~e~ and ~~~~~~~~~~~~~i~~~ species, which are readily killed on exposure to stir, suggests that tree infestation by some prevalent wetwood bacteria is more likely through roots than via the crown or branch stubs as is generally accepted (Bauch ~t af., 1975; Hillis, 1977) . It is also of interest that not all trees contain wetwood (Willis, 1977) but those that do (e.g, the cottonwoods examined here) also appear to contain specific ~l~~~~i~i and Erwinia strains.
These findings may initiate interest in the study of possible mechanisms for attachment of anaerobic bacteria to tree rout hairs. The discovery of wetwood as a new niche for the d e c o m~~s i t~o n af organic matter by anaerobic bacteria provides yet another interesting system to study the microbial ecology of anaerobes (Zeikus, 1 9771, Several properties suggest simiiarities between wetwood and the rumen ecosystem (Hungate, 1966) , including fermentat~on of saccharides, production of volatile fatty acids and methane, and the presence of high numbers of obligate anaerobes including ~~~~~r~i~ and ~l~,~~~ species, However, there are also major differences, e.g. high numbers of facultative anaerobes, the production of alcohols and, most notably, the lack of cellulose metabolism This last feature may, in part, be related to the lack of physical grinding of micro-organisms with l i g n o~~~l~l o s e in wetwood; such grinding is provided by the animal component of the rurnen symbiosis thus facilitating microbial cellulose f e r~e n~a~~o n .
